Exposure of rodents to phthalates is associated with developmental and reproductive anomalies, and there is concern that these compounds may be causing adverse effects on human reproductive health. Testosterone (T), secreted almost exclusively by Leydig cells in the testis, is the primary steroid hormone that maintains male fertility. Leydig cell T biosynthesis is regulated by the pituitary gonadotropin LH. Herein, experiments were conducted to investigate the ability of di(2-ethylhexyl)phthalate (DEHP) to affect Leydig cell androgen biosynthesis. Pregnant dams were gavaged with 100 mg Ϫ1 kg Ϫ1 day Ϫ1 DEHP from Gestation Days 12 to 21. Serum T and LH levels were significantly reduced in male offspring, compared to control, at 21 and 35 days of age. However, these inhibitory effects were no longer apparent at 90 days. In a second set of experiments, prepubertal rats, from 21 or 35 days of age, were gavaged with 0, 1, 10, 100, or 200 mg Ϫ1 kg Ϫ1 day Ϫ1 DEHP for 14 days. This exposure paradigm affected Leydig cell steroidogenesis. For example, exposure of rats to 200 mg Ϫ1 kg Ϫ1 day Ϫ1 DEHP caused a 77% decrease in the activity of the steroidogenic enzyme 17␤-hydroxysteroid dehydrogenase, and reduced Leydig cell T production to 50% of control. Paradoxically, extending the period of DEHP exposure to 28 days (Postnatal Days 21-48) resulted in significant increases in Leydig cell T production capacity and in serum LH levels. The no-observed-effect-level and lowest-observed-effect-level were determined to be 1 mg Ϫ1 kg Ϫ1 day Ϫ1 and 10 mg Ϫ1 kg Ϫ1 day
INTRODUCTION
There is increasing public concern that environmental toxicants have the potential to impair human fertility because adverse developmental and reproductive effects are observed in laboratory animals and wildlife after exposure [1] . Phthalate esters have attracted considerable attention due to their high production volume and use in a variety of polyvinyl chloride-based consumer products. As a constituent of infant toys, building and food packaging products, and biomedical devices, di(2-ethylhexyl)phthalate (DEHP) is the most abundant phthalate in the environment. Western industrialized countries alone produce 1-4 million tons of this compound annually [2] . The ability of this compound to leach readily into biologicals during hemodialysis, extracorporeal membrane oxygenation therapy, and exchange blood transfusions is another potential hazard [3] . Exposure of the general human population to DEHP is estimated at 30 g Ϫ1 kg Ϫ1 day Ϫ1 , primarily from residues in food [4] . Occupational and clinical exposure (e.g., i.v. exposure via blood transfusions) may increase this level severalfold to between 0.5 and 5 mg [3, 5] . The use in previous studies of high DEHP dosage levels that were outside the range of this compound's presence in the environment [6] and the lack of epidemiologic data warrant further investigation at lower levels of exposure.
Environmental toxicants are classified as endocrine disruptors if they interfere with regulation of cellular function by endogenous steroids through inhibition of receptor-binding and/or transcriptional activation, or if they affect steroid biosynthesis and/or degradation. The reproductive toxicity of DEHP is attributable to the action of its primary metabolite, mono(2-ethylhexyl)phthalate (MEHP), in Sertoli and germ cells [7] [8] [9] [10] , although disruption of Leydig cell structure and function has also been reported [2, 11, 12] . However, it is not clear whether changes in androgen biosynthesis contribute to DEHP modulation of Sertoli cell function.
The male primary steroid hormone, testosterone (T), is produced almost exclusively by Leydig cells in the testis. Postnatally, the process of Leydig cell differentiation involves transformation through three stages, designated progenitor, immature, and adult Leydig cells at 21, 35 , and 56 days of age, respectively [13] . Development is accompanied by a progressive increase in the capacity for T production. LH, secreted by the pituitary, is the primary regulator of Leydig cell function. During mammalian development, T promotes acquisition of the male phenotype and maintains fertility in adulthood. Testosterone is also the precursor molecule for the highly potent androgen dihydrotestosterone in some androgen-dependent tissues (e.g., the prostate) and undergoes aromatization to estradiol in the brain [14, 15] . Because inhibition of T production has adverse consequences for male fertility, experiments were conducted to investigate the ability of DEHP to impair Leydig cell androgen biosynthesis. Male rats were exposed to this compound at different stages of development. The results show that DEHP affects Leydig cell T biosynthesis through changes in steroidogenic enzyme activity and serum LH concentrations. 
MATERIALS AND METHODS

Chemicals
Experimental Design
Long-Evans rats (Charles River, Wilmington, MA), were used for this study because a substantial toxicological data base has been generated from this strain in studies of endocrine disruptors and male reproduction [16] . Male rats were exposed to DEHP by maternal gavage during gestation or lactation, or directly at developmental stages thereafter (Fig. 1) . Control rats were fed only the corn oil vehicle. Feed and water were provided ad libitum, and animals were kept on a 12L:12D cycle. Timedpregnant rats were housed individually; pups (after weaning), prepubertal, and young adult rats were kept in groups of three through the entire duration of experiments. Allocation of animals to dose groups was done by body weight randomization to ensure equal weight distribution between groups.
A recent study of di(n-butyl) phthalate, a closely related compound to DEHP, that involved exposure of pregnant dams during late gestation (Gestation Days [GD] 12-21) determined the no-observed-adverse-effect-level and lowest-observed-adverse-effect-level to be 50 mg Ϫ1 kg Ϫ1 day Ϫ1 and 100 mg Ϫ1 kg Ϫ1 day Ϫ1 , respectively [2] . The GD 12-21 time period is considered the major period for male sexual differentiation in the rat [17] . Furthermore, a previous study found no signs of toxicity after exposure of pregnant dams to DEHP doses less than or equal to 200 mg Ϫ1 kg Ϫ1 day Ϫ1 from GD 6 to 15 [18] . Based on these observations, initial experiments were conducted to determine whether gestational and lactational exposure of male rats to DEHP can affect Leydig cell androgen biosynthesis in the prepubertal, pubertal, and adult postnatal period. Pregnant (GD 12-21) and nursing (Postnatal Days [PND] 1-21) dams (n ϭ 7) were gavaged with 100 mg Ϫ1 kg Ϫ1 day Ϫ1 (Fig. 1a) . The dams were timed pregnant from the supplier while the day after birth was designated PND 1. Male offspring were subsequently and randomly obtained from every dam in each group and analyzed at 21, 35, and 90 days of age.
The effects of DEHP may be influenced by the developmental stage at which animals are exposed [2, 16] . To examine the possibility of agedependent differential sensitivity of male rats to DEHP with regard to Leydig cell function, weanling prepubertal rats were gavaged with 0, 1, 10, 100, or 200 mg Ϫ1 kg Ϫ1 day Ϫ1 for two differing 14-day periods, PND 21-34 or 35-48, or for a longer period of 28 days, from PND 21 to 48 (Fig. 1b) . In addition, young adult rats were gavaged with 0, 1, 10, 100, or 200 mg Ϫ1 kg Ϫ1 day Ϫ1 DEHP for 28 days (PND 62-89) (Fig. 1b) . The time periods for exposure were chosen to approximate the prepubertal, pubertal, and adult periods of male reproductive tract development. Leydig cell T production was measured at the end of DEHP treatment in all cases, i.e., at PND 21, 35, 49, and 90.
Feed intake and body weights were measured for all control and DEHP-exposed groups. Animals were killed within 24 h of the last DEHP administration, using a protocol approved by the Institutional Animal Care and Use Committee of Rockefeller University (protocol 91200-R2). At death, the body weight, and weights of the testis and seminal vesicles (with coagulating glands) were obtained. Immediately following decapitation, trunk blood was collected for measurement of serum LH and T concentrations. Testicular interstitial fluid (IF) was obtained using the method of Turner et al. [19] . Briefly, the caudal pole of the testis was punctured with a 23-gauge needle, taking care to avoid damage to blood vessels and seminiferous tubules. Testes were then centrifuged at 50 ϫ g for 15 min. IF samples were stored at Ϫ20ЊC until T levels were measured by RIA.
Hormone Measurements
Serum LH levels were measured using 125 I rat LH (Covance Laboratories Inc., Vienna, VA), and materials obtained from the National Hormone and Pituitary Program, namely, rat antibody NIDDK-anti-rLH-S11, and LH reference standards (NIDDK-rLF-RP-3). The secondary immunoglobulin-G (IgG) antiserum was supplied by ICN Pharmaceuticals (Costa Mesa, CA). The lower limit of detection for this assay is 0.12 ng/ml, and LH values are expressed in relation to the RP-3 standards. The intraassay and interassay coefficients of variation were 5% and 10%, respectively [20] . The concentrations of T in the serum and IF, and the amounts of T produced by Leydig cells, were measured with a tritiumbased RIA as previously described, with a 7-8% interassay variation [21] .
Leydig Cell T Production
Purified Leydig cells were obtained from rats of different ages by collagenase digestion of the testis followed by Percoll density centrifugation of the cell suspension, according to the method of Klinefelter et al. [22] . Prior to loading onto a 55% continuous Percoll density gradient, Leydig cells isolated from 49-and 90-day-old rats were subjected to centrifugal elutriation to remove germ cell and sperm contaminants. The fraction of Leydig cells remaining in the elutriator chamber at a flow rate greater than 16 ml/min and rotor speed of 2000 rpm was collected. This step was omitted when Leydig cells were isolated from 21-and 35-day-old rats due to the absence of sperm in the testis of young rats. Progenitor Leydig cells (PND 21) were harvested from the Percoll gradient at a band between 1.062 and 1.070 g/ml, immature Leydig cells (PND ). At 21 (n ϭ 18) and 35 (n ϭ 10) days of age, serum T (a) and LH (b) concentrations were significantly lower in DEHP-treated rats compared to control, but these measurements were similar at 90 days (n ϭ 9). Male rats were randomly obtained from seven dams in each group at each stage. *P Ͻ 0.05.
greater. Cell yields were estimated with a hemocytometer, and purity was assessed by histochemical staining for 3␤-hydroxysteroid dehydrogenase (3␤-HSD), using 0.4 mM etiocholan-3␤-ol-17-one as the enzyme substrate [23] . Progenitor Leydig cell fractions were typically 90% enriched for cells that stain weakly for the marker enzyme 3␤-HSD, and immature and adult Leydig cells were 95-97% enriched for cells that stained intensely. The culture medium was composed of DMEM/F-12, containing 0.1% BSA and 0.5 mg/ml bovine lipoprotein, and was buffered with 14 mM NaHCO 3 [24] . Leydig cells were incubated at a density of 0.5-1 ϫ 10 6 cells in microcentrifuge tubes at a temperature of 34ЊC for 3 h without (basal) or with a maximally stimulating dose of ovine LH (100 ng/ml). Testosterone production values were normalized to ng/10 6 cells.
Enzyme Assay
Androgen biosynthesis in Leydig cells involves conversion of cholesterol through a number of intermediate steroids into T, and these reactions are catalyzed by four enzymes: cytochrome P450 cholesterol side-chain cleavage enzyme (P450 scc ), 3␤-HSD, cytochrome P450 17␣-hydroxylase/ 17,20 lyase (P450 17␣ ), and 17␤-hydroxysteroid dehyrogenase (17␤-HSD). Enzyme activity was measured by incubation of Leydig cells in the presence of saturating concentrations (20 M) of steroid substrates: 22R-hydroxycholesterol (P450 scc ), pregnenolone (3␤-HSD), progesterone (P450 17␣ ), or androstenedione (17␤-HSD). 11-Dehydroxycorticosterone was used as an internal control. The capacity of Leydig cells to carry out specific steroidogenic reactions was calculated by summing all possible five 3-ketosteroid products (pregnenolone, 17␣-hydroxyprogesterone, progesterone, androstenedione, and T) after 120 min of incubation. For example, to measure P450 scc activity, 22R-hydroxycholesterol was added to the incubation medium, and pregnenolone, 17␣-hydroxyprogesterone, progesterone, and T were measured and summed. The steroid intermediates were measured by using an HPLC/UV (240-nm wavelength) detection system (Shimadzu SCL-10AVP; Shimadzu, Tokyo, Japan). Analysis and quantitation of steroids were performed as previously described [25] .
Testicular Histology
The testicular interstitium was examined for focal proliferative lesions that may indicate Leydig cell hyperplasia and also for seminiferous tubule damage and germ cell degeneration. Tissue was fixed by immersion in Bouin fluid and embedded in paraffin. Sections (5-6 m in thickness) were stained with hematoxylin and eosin and evaluated by light microscopy.
Statistics
There were at least seven animals in each experimental group. Assays of samples from the same study were conducted in triplicate. All data were analyzed by one-way ANOVA with multiple comparisons performed by the Duncan multiple range test to identify differences between groups. Differences were considered to be significant if P was less than or equal to 0.05.
RESULTS
Gestational Exposure
Gavage of pregnant dams with 100 mg Ϫ1 kg Ϫ1 day For example, the wet weights (g) of this organ measured 1.42 Ϯ 0.07 in control and 1.41 Ϯ 0.03 in DEHP-exposed rats at 90 days. However, prenatal exposure of male rats to DEHP adversely affected Leydig cell androgen biosynthesis. At 21 and 35 days, serum T levels were significantly lower in DEHP-exposed rats, compared to control (P Ͻ 0.05) (Fig. 2a) . Depressed serum T levels were associated with reduced serum LH concentrations in these animals (Fig. 2b) . Leydig cell T production (basal and LH-stimulated) after DEHP-exposure were lower at PND 21 but compared favorably with control at PND 35 (Table 1) . However, all measurements were similar in control and DEHP-exposed rats at 90 days (Table 1 and Fig. 2 ).
Lactational Exposure
Gavage of nursing dams with 100 mg Ϫ1 kg Ϫ1 day
Ϫ1
DEHP from the PND 1 to PND 21 did not affect body weight (g), measuring 312 Ϯ 8 versus 328 Ϯ 7 in control and DEHP-treated rats (n ϭ 7) at the beginning of the experiment, and 337 Ϯ 10 versus 335 Ϯ 8 at the end, respectively. Male offspring were analyzed immediately, i.e., at the end of exposure on PND 21, and also at 35 and 90 days of age. DEHP exposure did not affect body weight (g) 
Direct Exposure of Prepubertal and Young Adult Rats
Dosing of growing rats with DEHP did not cause any signs of toxicity as determined by the rate of body weight gain. At 270 g, the greatest weight attained by rats that were gavaged directly with DEHP in the present study, the highest dose of DEHP (200 mg Ϫ1 kg Ϫ1 day Ϫ1 ) represents an intake of 54 mg. This level of intake is proportionately reduced for younger and smaller rats. The maximally tolerated dose of DEHP in rats, estimated from a 90-day toxicity study by the National Toxicology Program, is 6000 mg Ϫ1 kg Ϫ1 feed Ϫ1 [26] . In the present study, there were no differences in feed intake between groups, averaging 15 Ϯ 3 g per day. Thus, using NTP data, a rat weighing 270 g will ingest 90 mg DEHP per day and, expectedly, suffer no toxicity over a 90-day period. The 90 mg per rat is far greater than the highest dose fed to DEHP-treated rats in this study.
Prepubertal rats (n ϭ 10) were gavaged with 0, 1, 10, 100, or 200 mg/kg/day DEHP for 14 days at two different periods (PND 21-34 or 35-48). Exposure of rats to DEHP for 14 days, regardless of the exposure period, did not affect the rate of body weight gain, serum hormone (T and LH) levels, and testis and seminal vesicle weights (Tables 2 and  3) . However, Leydig cell T production was reduced by DEHP exposure at doses equal to or greater than 10 mg (Figs. 3 and 4) . Reduced androgen biosynthesis was associated with inhibition of steroidogenic enzyme activity at the dose of 10 mg Ϫ1 kg Ϫ1 day Ϫ1 and greater ( Table  4) .
Gavage of prepubertal rats for 28 days (PND 21-48, n ϭ 10) with 0, 1, 10, 100, or 200 mg
/day Ϫ1 DEHP did not affect body weights. This exposure paradigm, however, caused a dose-dependent increase in the serum concentrations of LH and T. Testicular interstitial fluid T levels were also elevated in DEHP-treated rats (Table 5) , and Leydig cells from rats treated with the higher DEHP doses exhibited increased capacity for T production (Fig. 5) .
Unlike prepubertal rats, treatment of young adult rats with DEHP for 28 days (PND 62-89, n ϭ 10) with 0, 1, 10, 100, or 200 mg Ϫ1 kg Ϫ1 day Ϫ1 affected neither serum hormone levels (LH, T) nor Leydig cell T production (data not shown).
Testicular Histology
Histological evaluation of the testis presented no evidence of Leydig cell hyperplasia, seminiferous tubule damage, germ cell degeneration, or delayed spermiation in all experimental groups (data not shown).
DISCUSSION
Data obtained in this study show that DEHP modulates Leydig cell function and exhibits differential effects on steroidogenesis. For example, exposure of male rats to DEHP during early reproductive tract development adversely affects Leydig cell androgen biosynthesis. The data also show that prenatal exposure to DEHP suppressed pituitary function because, compared to control, serum LH levels were lower at 21 and 35 days of age in male rats exposed to this compound in utero (Fig. 2) . Similarly, reduced serum T levels in 21-day-old nursing male rats exposed to DEHP via maternal gavage failed to stimulate a rise in serum LH concentrations. On the other hand, there were no apparent changes in reproductive parameters measured in young adult rats exposed to 100 mg Ϫ1 kg Ϫ1 day Ϫ1 DEHP for 28 days (PND 62-89). These observations suggest that growing rats are more susceptible to the effects of DEHP and/ or its metabolites than adults.
DEHP-induced inhibition of Leydig cell T production was associated with two factors: 1) a decrease in pituitary LH secretion and 2) reduced steroidogenic enzyme activity. Both factors compromise the primary function of Leydig cells: T biosynthesis and secretion. LH stimulates the process of differentiation in developing Leydig cells and maintains steroidogenic enzyme gene expression and cell volume in mature cells [27] . Thus, attenuation of pituitary LH secretion during development adversely affects acquisition of steroidogenic capacity, thereby decreasing androgen biosynthesis by individual Leydig cells [28] . It is therefore not surprising that male offspring that were exposed to DEHP in utero or during nursing exhibited decreases in serum T levels that were pronounced in the immediate postexposure period. While there were no decreases in serum LH levels, Leydig cell steroidogenesis was reduced by DEHP treatment of prepubertal rats for 14 days (PND 21-34 or 35-48) (Figs. 3 and 4) , suggesting that DEHP and/or its metabolites have direct effects on Leydig cell function. Reduced steroidogenesis is presumably due to a decrease in the activity of T biosynthetic enzymes, although there were no apparent decreases in serum T levels (Tables 3 and 4 ). It could be that steroidogenic enzyme inhibition was not profound enough to affect Leydig cell T production at the time of serum T measurement or that compensatory mechanisms were activated in vivo to counteract the effect of decreased enzyme activity. It is also possible that enzyme assays conducted in vitro stimulate higher than normal levels of steroidogenesis because they provide more substrate than is ordinarily available to Leydig cells in vivo. Thus, in vitro enzyme assays have greater sensitivity in detecting changes in steroidogenic capacity compared to measurements of serum T levels.
Interestingly, exposure of prepubertal rats to DEHP for 28 days (PND 21-48) enhanced Leydig cell androgen biosynthetic capacity and increased serum T levels, in association with elevated LH concentrations ( Fig. 5 and Table  5 ). This finding contrasts with the observed decrease in androgen biosynthesis after rats were gavaged with DEHP for 14 days (Figs. 3 and 4) . The finding of higher serum T levels and increased androgen biosynthesis after a 28-day exposure of growing rats to DEHP is probably due to a compensatory mechanism. Normally, when androgen biosynthesis is sufficiently depressed, the lowered serum T concentrations act via negative feedback mechanisms to induce increased LH output from the pituitary. LH stimulates Leydig cells to secrete more T, which in the course of time, and acting via the same pathway, restores pituitary LH secretion to normal levels. In this manner, the negative feedback mechanism serves as a homeostatic control for the hypothalamo-pituitary-gonadal axis [29] . However, the simultaneous occurrence of higher than normal levels of LH and T suggests a disruption of this mechanism. Oishi and Hiraga [30] also reported increased gonadal steroidogenesis after DEHP treatment of mice. Similarly, chronic DEHP administration to male Fischer 344 rats caused hypertrophy of gonadotropes in the anterior pituitary and a higher incidence of pituitary tumors compared to control rats [31] . The mechanisms responsible for these observations are not presently clear. However, persistently high levels of T production by Leydig cells may have, at least, two consequences. First, long-term suppression of steroidogenesis was found to prevent age-related deficits in Leydig cell androgen biosynthesis [32] . It is therefore possible that enhanced steroidogenesis for prolonged periods will cause premature deterioration of Leydig cell capacity for androgen biosynthesis. Second, Leydig cell hyperplasia has been associated with chronic LH stimulation and also with damage to seminiferous tubules, germ cell loss, and disruption of spermatogenesis [33, 34] . Testicular lesions were absent in the present study, but serum LH concentrations were elevated in prepubertal rats exposed to DEHP for 28 days at doses that were equal to or greater than 10 mg Ϫ1 kg Ϫ1 day Ϫ1 (Table 5) . A potential consequence of DEHP-induced chronic LH stimulation could therefore be increased Leydig cell proliferative activity. A major issue regarding endocrine disruptors in the environment is whether their effects are permanent or reversible. It has been hypothesized that the earlier in development a lesion is inflicted, the greater the likelihood of its persistence into adulthood [35, 36] . It has also been proposed that compounds that bind cellular DNA cause irreversible and delayed effects that become apparent only later in life [37] . DEHP is not known to bioaccumulate in body tissues and is eliminated from the body within 3-4 days after last administration [6] . The present data show that male offspring that were exposed to DEHP in utero and during the nursing period showed reduced androgen status only in the neonatal and peripubertal periods; these animals exhibited serum T levels that were similar to controls evaluated at 90 days of age. This observation suggests that the inhibitory effects of DEHP on Leydig cells are reversible and/or that a new population of Leydig cells had developed after exposure to DEHP was terminated, restoring Leydig cell function over time. However, behavioral deficits may become apparent in adulthood if the brain is not exposed to adequate androgen levels early in development [15] .
Previous studies using high doses of DEHP (0.5 to 6 g Ϫ1 kg Ϫ1 day Ϫ1 ) demonstrated varying degrees of reproductive anomalies, including testicular atrophy and damage [7] [8] [9] [10] [11] [12] . The present study found no cellular or morphological changes in the testis as evaluated by light microscopy, and there were no DEHP-induced changes in the weights of the seminal vesicles (with coagulating glands). It is possible that the changes in the serum levels of T, namely, a decrease after gestational exposure to DEHP and an increase following peripubertal exposure for 28 days, although statistically significant, were not intense enough or occurred for too short a period of time to cause detectable changes in testicular and seminal vesicle weights. Variations in the severity of DEHP-induced lesions is probably related to the window and duration of exposure and the dosages used in different studies.
In conclusion, data from the present study show that the effects of DEHP on androgen biosynthesis are more pronounced early in development than at later stages. The results also indicate that the lowest dose of DEHP affecting steroidogenesis and causing changes in serum LH and T levels is 10 mg Ϫ1 kg Ϫ1 day Ϫ1 , representing the lowest-observed-effect-level; 1 mg Ϫ1 kg Ϫ1 day Ϫ1 constitutes the noobserved-effect-level, because there were no detectable effects at this dose. However, it remains to be determined that these exposure levels can impact T production in human Leydig cells. It has been suggested that species-specific differences in the pharmacokinetics of phthalates may protect humans against the toxic effects seen in rats because hydrolysis of DEHP to its monoester metabolite, MEHP, occurs at much lower rates in nonhuman primates than in rodents [38] . Additional studies are therefore required to better define the sensitivity of humans to phthalates and their metabolites in comparison to rodents that have been more extensively studied. Data from such investigations, along with observations from rodent studies, will facilitate the process of risk assessment for humans regarding chronic and concomitant exposure to environmentally relevant levels of DEHP and other phthalates.
